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Quot ing the des igner of the Tucker Meter (Ref .l3) :
“In princi p le , the instrument measures the mean hei ght of

the water surface relative to a point on the shi p ’s hu l l , and
adds to th i s  the hei ght of the point relati ve to an imag inary
reference surface , thus g i v i ng the hei ght of the water surface
independent of vertical position of the shi p.”

The first hei qint cited is measured by pres su re gages mount ed below the
waterline , and t he seco nd i s the res u l t of doubl y integrating acceler-
ometers mounted adjacent to the pressure gages . Thus in order to produce
a prac tical and reliable instrument within the confines of pre—1956 tech-
nology , some compromises r e l a ti ve to idea l des i gn had to be made. The
bas ic description of the instrument (Ref .13) and the rationalization of
any necessary des i gn compromise has been made almost entirely under the
imp lied condition of zero shi p speed . Indeed , the f i r s t  page of Refer-
ence 13 includes the statement :

“The shi p must generall y be hove— to when the recorder is
in use since false wave periods wil l  be recorded if she is mov i ng
towards or away from the waves ; it has also been found by experi-
ment that the apparent wave hei ghts may be al tered .”

Effectivel y, what was done in calibrating the meter for the
wea th e r s h i ps was to drop a buoy to ob ta i n a s ta ndard  wave meas u rement ,
re t r i eve  the buoy, then record Tucker Meter output while steam i ng around
in the area, and then fi n a l l y dro p the buoy a g a i n  fo r  a clos i ng wave
standard . Ana l ysis (in Ref .14) involved derivin g a directional spectrum
from the buoy measuremen ts, inte grating this along various shi p courses
and speeds to ob tai n a pred icted encou nt ered wave spec tr um, and then com-
paring the -es u lt s of the derivation with the spectrum of the Tucker Meter
si g nal . The Tucker Meter si g na l  was ass um ed to be the r e s u l t of cascad in g
the true surface elevation spectrum throug h two f i l ters . That is , the
true spectrum Scc (w) , was assumed to be of the form:

= 
~~~~~~~~~~~~~~ 

A
2
(k)] (50)

whe re

STT (W) is the spectrum of the Tucker Meter Si gnal

A(k) is a wave attenuation factor which compensates
for the fact that the meter measures mean
d ynamic head at some depth , whereas the spectrum
of the su r f a ce el eva t ions i s des i red .

B(w ) is the known ampl i tude res ponse of the doublee integrators built into the meter .

Eff ectively , if the true spectrum is known from the buoy records
the factor A(k) (the quantity “k” is wave number ) may be estimated by:
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From sim p le theoret i cal considerations the form of A(k) is expec t ed to be

A(k) = e
_kD 

(52)

where 0 is the effective mean depth of the pressure recorders and k
corresponds to a mean frequency . A bes t fit of rather bad l y scatte red
da ta for  l /A2 (k) imp lied D = 17.5 feet for the nie~ thershi p, a va l ue some
2— 1 /2 times that of the actual value of submernence of the pressure heads .
This d iscrepancy is attributed to interference with waves by the shi p.
The scatter in derived values of l/A

2
(k) ranced up to a factor of 5,

fa ctors of 2 b e i n g  ty p i c a l . Use of the average correction factor on large
numbers of Tucker Meter Spectra from the weathersh i ps is regarded as being
statisticall y correc t. The results of the individual cal ibrat ions in
Reference 11+ im ply that with the best available inforr iation the correct ion
of a ny individual Tucker meter spectrum may easil y result in errors in
spec t ra l  a r ea of a fa ctor of 2. The scatter in the correction factor
in creased subs ta nt i a l l y w it h fo rward  speed , wh ich no—dou bt led to the
pra cti ce of d i scard in g or v iew i ng wi t h susp icion weathershi p wave data
obtained with the meter if ship speed was in exces ; of about 5 knots .
The top speed in the trials ana l yzed in Reference 11+ was 14 knots .

The computation method g iven in Reference 16 for the Tucke r Meter
response (or correction factor) incorporates in an addendum the results
of the anal ysis of Reference 1~4. In effect , the wave pressure attenua-
tion factor , Eq. (52) is computed for a depth , D, equal to 2—1/2 times
the actual depth of the installed pressure sensors , and the result is
mul t i p l i e d  by the double integrator amp litude res ponse . The correction
curves given in Reference 2 appear to have been derived in this manner .

The SL—7 Tucker Meter Installation

In the present case the Tucker Meter was installed at Frame 11 9 .
the pressure taps being located 16 feet below the 314 foot waterline port
a nd s ta rboa rd . The beam of the ship in way of the meter s is 105.5 feet.
and it may be noted that the Tucker Meter ins tallation is 1+70 feet aft
of the radar installation , and approx i matel y 165 feet aft of midshi p.

The prescribed calibration procedure (Ref .l7) was car ried out
upon installation . Thoug h this p r o c e d u r e  is hi ghl y de ta i led , one fairl y
important detail is omitted . This is the sense of the signal . As noted
in Reference 5 no sense information was available in the calibration phase
of the present project . Accord i ng l y it was necessary to infer the sense
from other channels . Of all the other channels , that with the bes t reso-
lution and sensitivity to wave position is the long itud i nal vertical
bending stress . A positive stress is a tens i on in the d . .l., a hogg ing
moment . From previous data as well as the SL-7 model tes t data (Ref .l l)
i t is expected that a hogg ing moment would be in—p hase with wave cres t

50

_  —---- -
~~~~

•- . - .  . -—-, 
~
-

~
-- -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

, --



_ _ _ _~ . -~ -.~ . •--~ —~ - ~~~~~~~~ - ‘ ~~~~~~~~~~~~~~~

near or aft of midshi p . Accord in g l y in the present case, pos itive long i-
tud i na l bend i ng stres s would be expected to be roug hl y in- phase with the
Tucker Meter crest . In the samp le time h istories in References 2 and 3
and those produced for the sample run 1+01 prev i ous l y described , pos i tive
stress and positive Tucker Meter si g na l s  were ro ug h l y out—of- phase .
Thus it •~~p ’ared that in the data as ori g ina l l y calibrated , a positive
Tucker signa l corresponded to a wave troug h, and that the sense would
have to be reversed in order to be consistent with the crest positiv e
conven ’ ion adopted for the radar . This is a simple si gn reversal in the
d .ta processing.

An~~i of Pn~ s i t l e  Corrections

In the pres en t data set , ship speeds are usuall y 30 knots . Wave
directions and the complexit y of the wave pattern are kno.~n onl y to the

~‘~ tent of the few words in the log books . While the speed-len gth ratio
m a  • ‘ for the SL-7 is about the same as th~ ranq. t e t e d i n  the ca l i—
brat ion of the n ’ica the r .hips , mos t of the present data invo lv e’ speeds
corres pond i ng i. e the uppermos t speed-length ratio of the weathershi p
tri a l s  -- the s i t u l t  ion where the scatter was worst . Thouqh the SL—7
is four times the len gth of the weathershi ps th e pressure n a q e~ are
located onl y at twi ce the depth . As shi ps go the SL— 7 is quite a dif-
ferent ani r~a1 than the we athershi p.

It nay be noted that in the case of the weather~ hi ps the important
+ran~ e of storm wavelengths ,n the North Atlantic (300 to . 00 feet) is

en t i re ly a h ’ v ~ the length of the shi p while in the case of the SL—7 it
is entirel y be low . Thus , for this important wavelength range the shi p—
wave interaction for the SL-7 would be expected to be entirely di f ferent
than that for the weathershi ps. Many model te~ ts in short obli q ue waves
have shown very large attenuation of incident wave hei gh t a l o ng the
ship -- relativel y a much larger attenuation than is experienced in waves
longer than the shi p.

There seems no justification for the assumption that quantitative
correction factors suitable on average for the weathershi ps wou ld  be
app licable to the SL—7 for the prevalent wave lengths in the North Atlantic .

For i n i t i a l  data reduction purposes it was clea r that at least the
scalar spectra of the Tucker Meter si g na l  wou ld have to be produced . It
was evident that some insp i red guessing would have to he done if wave
attenuation corrections of some sort were to be app lied to the data , and
it was decided not to attempt this in the basic data reduction procedure .

A Stud y of E rrors Induced by Double Integration

There are two aspects to the correction , Eq. (50). Wi th t he type
of data in hand there is always the possibility of making a linear cor—
rect ion dependent onl y 01) encounter frequency; that is , the correction
fo r  the doub l e i nteg ra to r f req uency response was theoreticall y feasible .
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With the philosop hy that half a correction mi ght be better than none,
the d e t a i l s  of the Tucker Meter were re-exam i ned .

After re-examining the descri ptions of the system (Ref .l3, l6,
17) it appeared that the representation for the response of the instru-

ment , as advanced by the des i gner and reflec ted in Eq. (50), is incon-
sis tent with the operations wh i ch are supposed to be performed on the
observations . It is claimed that the response is the product of a wave
frequency response and a double integrator frequency response . When
frequency response is s tated in th is  way i t means that the operat ions
are cascaded: in the present case that the wave attenuation applies
also to the displacement; and that tri e double integrator response app lies
also to the pressure head . Neither seemed true according to the stated
princi p le  of opera t io n and the desc r i p t ion  of the s y s t em .

The above is the same point of view which was taken by Pierson
(Ref .7) (thoug h it was not so b a l d l y  sta ted by hi m), and in f o l l o w i n g  up
this al ternate viewpoint Pierson ’s development in Reference 7 was followed .

Figure 15 ind icates  the g eomet r y at the sect ion where the meter is
installed . A pos itive roll (~~~ ) 

and a p o s i t i v e  vertical d i s p lacement Z(t)
a r e  i nd i c a ted . The two pressure gages are located a distance D below the
nominal load waterline. Assoc i a t ed wi th ea ch gage i s a n acce l e rometer
which is gymbal mounted . It appears from the descriptions , Reference 13,
that the accelerations observed w i l l  be quite good approximations to true
vert ica l accelerations . Accord i ng l y, the quantities actuall y meas u red
are pressures port and starboard (P

r
, P5

) and the vertical accelerations

at the same locations (Z (t) and z5 (t)). For later use, the actual static

(H , H )  and dynamic (F , F )  heads at the l ocation of the pressure gages
are noted in the fi g u re .

By working throug h hand books , References 1 6 ,17, it appeared that
what is done to the measured si gnals by the comput i ng circuits in the
instrument m a’I be written as follows :

1(t ) = l .2[P -D~ /2 -

+ l .2[P5—D~ /2 — l . 2~(T)~ Z (t—T)/2 (53)

where: T( t ) is the ind icated wave e levat ion
and : ~~~

k) is the impulse response of the double
in tegrat ion c i rcu i t s .

The as te r i sks  in Eq. (53) denote the linea r convoluti on operation ,
and the dimensions of the terms corres pond to pressure head . I n Eq. (53)
the negative si gn on the doubl y integrated accelerations comes about
because the disp lacement Z(t) is here def i ned as positive downward , while
wave (crest) is positive upward . The factor of 1 .2 is a factor introduced
in the calibration procedure to compensate in part for the apparent atten-
uation of output wh i ch is implied by the nominal computed response of the
instrument .
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FIGURE 1 5 DIAGRAM OF THE TUCKER MET ER INSTALLAT ION
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As may be noted , the value of Eq. (53) is zero for the case of no
mot i ons and no waves since each pressure is then just equal to static
head , D. In the same way if the integrators were perfect and good to
D .C., the value of Eq. (53) would also be zero for no waves and the case
that the shi p was g i v e n a sta ti c d i s p l a c e m e n t.

Because of the accelerometer mountin gs mentioned and the l i n e a r i t y
of the double integration , the two convolution terms in Eq. (53) may be
rep laced by:

—l .2~ (T)~’~Y(t)

where: ~ ( t )  = [~~~(t)  +

the mean v e r t i c a l acce le ra t i on  at
the shi p sec t ion in quest ion .

S i m i l a r l y let

P = [P +P ]/2p s

= the mean observed pres s u r e

Then
T( t )  = l .2P — l .2D ~l.2~ (T )~:Z (t~ T) (54)

Equation (54) repres ents what the instrument apparently does . To
proceed further it was assumed that the pressures could be represented
as follows :

P F + H
p p p

P
5

= F 5
+ H

5 
(55)

In Eqs. (55) F~ and F5 represent the dynamic contributions due to waves

a nd the i nt er fe re nce of the sh i p, a nd H a nd H
5 

are the static heads from

nom inal mean water. All these quantities are functions of time . It should
be remarked that the arbitrary divi s ion between d ynamic and static in
Eq. (55) is consistent with the usual small amp litude wave theory where
the total pressure at depth is the sum of a d ynamic component due to waves
and the hyd ros tatic pressure at depth . Now comput i ng the hydros ta t i c  heads
from Fi gure 15 and substituting for the port and starboard pressures :

P = [p + r ]/2
p S

— IF + F J/2 + 1 1.4 + H 1/2p S p 5

= IF~ + F~~ /2 + Z(t) +Dcosci. (56)

Substituting Eq. (56) into Eq. (54), the expression for the Tucker
Meter si gnal becomes :
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T(t) l. 2T F + F J/2 — l .2D[1—cos pl

+ l .2Z (t )  — l . 2 L ( T )~~Z ( t — T )  (57)
Now a r b i t r a r i l y def in ing F (t) as the mean of the dynamic heads sensed by
the two pressure transducers , and rearra ng ing Eq. (57):

F(t) T(t)/l.2 +1Y42/2 + e ( t )  (58)

with s(t) defined as:

€ ( t )  = £(r).
~~(t—T) — Z(t) (59)

The approximation in the term i nvolving 0 i s wi t h i n  l~ for  the range of
r o l l i ng a ng le i nvolved in the present data. In any even t, the term Dc~~/2
would seldom exceed one foot in magnitude in the present data set.
Because th is  term is quadra tic , i ts contribution to fluctuations would be
half a foo t at mos t , a magnitude which must probabl y be considered less
tha n the pro ba b l e  bes t accuracy of the sys tem.

If the shi p is stationary , Eqs . (58) and (59) say that the “mean
dynamic head” , F(t), is conceptuall y the same as the Tucker Meter Si gna l ,
1(t), since it should be remembered that the factor of 1 .2 arose in the
calibration as a gain bias meant as an average compensation for the
res ponse of the sys t em. If the double inte gration is perfect , e ( t )  is
zero, and the “mean dynamic head” and the Tucke r Meter si gnal differ con-
ceptuall y onl y by a quadratic term in r o l l  a l read y cons ide red  l a r g e l y
neg l i g ible .

Equation (58) thus expresses the outcome of followin g the prev i-
ousl y men t ioned a l terna te poi nt of v i ew regard i ng the res ponse of the
instrument. The correction for double integration response appears in
a qu i te  d i f f e r e n t  way . In the frequency domain , the scalar spectrum of
mean d ynamic head correspondin g to Eq. (58) would very nearl y be the sum
of the spectrum of the Tucker Meter output , the spectrum of 6(t), and
the co-spectrum of the two terms . Pres umabl y, the spectrum of the mean
dynamic head would be corrected by a frequency depende nt factor similar
to A2 (k) of Eq. (50) which i nvolves onl y the attenuation of the waves and
s h i p-wav e interference.

It appeared wor thwh i le  to i nvest i gate at least approximately what
the i nt egra t io n error , € (t), Eq. (59) amounts to for present data.  Taking
the Fourier Transform of Eq. (59):

~ (w) = ~ (w)[—l /u~~ L(w) — 

~ (w)

= 1(w)[L(w) -11 (60)

where the ba rs deno t e the Four ier  Transform . The ~— l / w 2
1 factor  is the

response of the perfec t integrator . The product of this factor and the
accelera tion transform is the displacemen t transform . The (complex)
func tion L(w) is the response of the double integration as g ven in Ref-
erence 13. Relat ive to true disp lacement L(w) is a peculiar hin h—pa ss
filter in that its phases are l eads at low frequency and zero at v~.ryh i gh frequencies .
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Equat ion (60) suggested an approach to the evaluation of €(t) us i ng
the presen t data. In the data reduction for the radar an estimate was
p roduced of the time history of the true vertical displacemen t at the for-
ward accelerometers . This is the onl y vertical disp lacement estimate
possible with the present data set . The true vertical disp lacement at
the position of the Tucker Meter may be es t i ma ted by:

z ( t )  Z
d (t) + 470 e(t)  (61)

where o(t) is the p i t ch a ng le , the dimensions are feet, and the p l u s  s i gn
results from the convention that disp lacements are positive down and p i tch
is pos itive bow up. Nu me r i c a l l y, Eq. (61) is not such a good idea because
p itch i s sma l l , rela tivel y poorl y resolved , and the distance between wave
meters is enormous . The alternative was to do nothing.

Now with an estimate of true vertical disp la cemen t, Z(t), the fas t
convol ut ion method desc r ibed  i n con j u nct io n wi t h the rada r da ta reduc t io n
nay be used to estimate €(t), and this estimate used with the Tucker
Me ter da ta to es t i mate  the mea n d y na mi c head , Eq.(58).

The item not defined in the data set is the function [L(w)—fl in
Eq. (60). All that is available as a quantitative descri ption of L(w) is
contained in Fi g u r e s  5 and 6 of Reference 13. To t ry out the compu ta t ion
of € (t) some reasonable interpolator function was required . Arbitrarily ,
the function was assumed in the form of a second order hi gh pass f i l ter
of the for m :

2 2 2 . 2
w ( w ~~~c ) + n~~i j c ~

L(w) 
2 2 2 2 (62)

( i.e
3 

-w  ) + 2i W

where w = a const an t cu toff  f r e qu enc y
= 2r1/T0

The two unknow n parameters in Eq. (61) were selected so as to p ro-
duce a f i t to the am p litude res ponse given in Fi gure 5 of Re~ erence 114
within about 1/ , and a fit to the g iven phase  l eads wi t h in 2 . The fina l
val ues used were:

T = 31 sec0
= 1 .605

Onl y a very approximate check could be made of the fit for encounter
periods in excess of 50 seconds because of the nature of the grap hica l
presentation of data in Fi gure 6 of Refere nce 13. The v e r y  low frequency
behavior of the interpolator was qu i t e  reasonable relative to this latter
data. Before app l y ing the approximation to actual data , s inusoidal dis-
pla cements were transformed and the results anal yzed to insure that the
freq uency domain operator [L(w)-l~ , Eq. (60) had been prograrirned correctl y.
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The procedure was app l ied to the interval previo usl y selected for
trial pu rposes , Run 401 . F igures 16a and 16b are samp les of the result-
ing time histories . The por tion of data i nvolved is the same as that
shown in Fi gures 5 and 12. At the top is the vertical d isp lacement at
Frame 11 9, Eq. (61). It may be noted that the trace is noisy due to the
noise in pitch , an d t ha t the f i r s t 120 seconds show the e f fec t of tape r ing
w h i c h  i s  in the compu ted d i sp lacement at the rada r . The second frame
shows the h ydrostatic head correction , €(t), Eq. (59). This trace is also
tapered as required by the fast convolution method . The third trace down
is  t he Tucker Me ter s i gnal , calibra ted and with sense reversed as prev i-
ous l y noted . Finall y, the trace at the bottom is the “mean dynamic head” ,
Eq. (58) . The term i nvo lv ing rol l  was included in the computation , but ,
as expected , contr ibuted l i t t l e .

The surprise in these results was how large the correction turned
out to be. The results for mean dynamic head are of the sa me magnitude
as those for  the radar  s i g n a l , F i gu re  12 (the sca les are the same) , whereas
the Tucker si gnal is much smaller . Wha t appears to produce the large cor-
rection is the combination of phases . A nal ys is of the stud y i n v o l v i n g
s inusoids indicated that the value of € ( t )  for periods of 20 seconds should
be almos t as large as Z (t ) .  The magnitude of the correct ion shrinks to
20% of d isp lacement  for 4 sec encounter periods , and very rap idl y to zero
for s horter periods .

It may be noted that the hydros tatic head correction and the Tucker
meter s i gna l resemble each other and are roughl y in phase. Except that
the various si gnals were recorded at the same time on the same tape, the
two traces are derived from independent measurements . For the lo ng
encounter periods of the examp l e  the phase shift s in the analog double
integrators apparentl y results in si gnifi L ant error in correcting for the
static head .

Under the stated conditions for Run 401 (head seas , 8.7 kt shi p
speed ) the wave lengths corresponding to the roug h l y 1 5 to 20 s econd
encounter period s shown range between 1— 1/2 and 2 shi p lengths . If th is
was what reall y existed it would be expected that the vertical disp lace-
men t (heave) near midshi p would be roug hl y equal to the wave fluctuations .
Fi gure 16 ind i cates that the mean d ynamic head and the vertical dis p lace-
ment magnitudes are roug h l y equal , and roug h l y the same as the wave t race
from the radar. In addition (noting that disp lacement in Fi gure 16 i s
positive down) the ind i cated wave aft of midshi p would be expected to
sli ghtl y lag negative displacement . It is evident from the fi gures that
this is true.

Spectra were computed for the Tucker Meter and mean dynamic head
data developed for Run 401 . These are shown in Fi gure 17 in comparison
w i t h  the spectrum f rom the radar measurement. As noted , the s i gnif icant
mean dynamic head (14 rms) compares closel y with that computed for the
radar data . The spectral shape is different , the radar spectrum being
broader. Again assum i ng long crested head seas , a wave attenuation cor-
rection factor was derived f rom Eq. (52) wi th 0 = twice the actual depth
of the pressure gages , and t h i s  was app lied to the mean dynamic head
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spectrum . In this case th. wave attenuation correct ion is not suffi-
cient to ali gn the mean d y na m i c  head a nd rada r spec t ra . The computed
Tucker Meter correction curves from Reference 2 are roug hly unity in the
encounter rang~ of si gnificance i n F i gure 17 so that the large disparity
between the bas i c  Tucker output and the other spectra cannot be resolved
in this way .

It was 1e~t that 1ur~her resul ts f o r  “mean dynam ic head” mi ght be
of i nt eres t , and it was determined to include this in the Tucker data
reduct ion procedure. Th is  is of course only ha lf a cor rec t ion  from
a no ther  po in t of v i e w . It is not known how to make the wave attenua-
tion/interference correct ion t o  either the Tucker Meter or mean d ynamic
head da ta.

INDIRECT METHODS OF ~dAVE MEASUREMENT

B ecause  l i nea r sys tems are evers i b l e in t h e da ta reduc t ion sense,
it is tempting to attempt an inf erential pro cedure  whe re b y the wave spec-
tru m is estimated from observed response spectra and the (assumed known)
linea r properties of the response. To i llustrate the general idea and
some of the more serious comp l i c a ti ons, severa l h ypot he t i ca l  cases may be
for mu l a ted:

CASE 1: Sh i p Speed Zero, Waves Long-Cres ted

In t h i s  cas e the response and wave spectrum are sim p ly
rela ted :

Y(w) = H (u~) 
2 
5(w) (63)

in which 1.4(w) is the response transfer function
Y(w) is the observed response spectrum

and
S(w) is the scalar) spectrum of waves .

Clea r l y i f the response spectrum is  observed and the
response transfer function is known , S(w) may be inferred .
The main comp l i ca t io n i n  th i s  s i m p l e  p r o b l e m  is tha t mos t
shi p response function s look like l ow—pass fi lters with a
more o r less  s t rong  h i g h freq uency attenuation . This means
that the hi gh frequency response spectral density tends to
be dr iven down into the noise level of the spectral ana l ys i s
method and the resulting estimate can be statisticall y bad .

CASE 2: Shi p Speed Non-Zero , Waves Long-Crested

In th is  case , in general,

Y (w) = H~ ~~~ 
~~

+ I H 
~~~ ~~2 ~~~

÷ I H~ (We) 
2
S.. (w e) (64 )
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in which ~ is encounter frequency

S .(w ) is the encountered spectrum in reg ion i

The encountered wave spectrum is composed of three parts ,
each of which has a one-to-one inverse to the wave fre-
quency p la ne. Thus in the above case there are three
u nknow n ra~ her than I . The sol ution can be approached by
considering 3 responses simultaneous l y, thus g i v i ng
3 equations in 3 unknowns , wh i ch may be solved i f  the
matrix of responses is no t ill—conditioned .

CASE 3: Shi p Speed Non—Zero, Waves Shor t—Crested

Here it is instructive to consider multi p le  res ponses and
wri te down the general form of the cross and scalar spectra
for responses j  and k:

Y.k ( w )  = J~
H

l (w)H kl (w)S l (i.
~
> .X ) d X

+

+ 
~

H
~ 3 (w ) H k3 ( W ) S

3
(w ,X )dX (65)

i n  the above

Y i k ( W )  = cross spec t r um, respons es j a nd k

H. •(W e) 
= response j transfer function for wave

-~ 
I 

mapp ing reg io n i (asterisk denotes
comp lex conjugate)

S.(w ,X )  = encountered directional wave spectrum ,
reg ion  i

X — head i ng a ng le

Jus t as w it h the wave spec t rum it s e l f , al l the possible
response spectra and cross spectra involve the direc-
tional wave spectrum imbedded in integral equations .
It is not immediately apparent if this representation
can be inverted without some gross approx i mations about
the relative wave head i ngs . The St. Denis-Pierso n model
is  no t a conv ent i ona l  l ine a r sys tem in  t he encoun ter
frequency p lane.

Given that much of the present data set involves high ship speed ,
and that there are re la t i ve l y few channels of informat ion ava i l ab le , it
was fel t advisable not to attempt to p lan on a serious attempt along the
l in es j us t d i scussed . For a few hove— to cases in the data set the nomin al
shi p head i ng was head seas, that there is the possibility of try i n g
Case 1 on a few pieces of data . For this purpose the midshi p stress
spectru m is probabl y the mos t promising res ponse spectrum , and thus compu-
tation of the Stress spectrum was indicated for the fina l data reduction
procedure.
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THE F I N A L DATA R E D U C T I O N  AND PRESENTAT I ON PROCEDURE

The final data reduction procedure for all intervals i nvolved :

a . Four main computation programs , the last one of which
produced a comp lete file of results for each interval .

b . Two 1 ister programs to supp l y i mmediate indications of
some of the results .

c. One file consolidation program which produced one file
for each voyage leg containing everything but the time
h i s tor i es of rada r wave a nd mea n d y nami c head .

d . Two programs to generate the final graphical presenta-
tions for each interval .

Items b throug h d amount to bookkeeping operations . The work is done in
the four main computation programs .

The first computation program carried out the procedure previous l y
des cribed for the radar . At its conclusion the radar wave spectrum and
the computed time history were written in temporary f iles as was the r ime
his tory of vertical displacement at the radar .

The seco nd program i nvolved reduction of the Tucker data. Both
the o r i g inal data and the displacement file produced b y the first program
were accessed . The procedure described was carried out so that time his-
tor ies  of mea n d ynamic head and the Tucker Meter si gna l  we re av a i l a b l e .
Thes e were spec tr um anal yzed , and all results written in a temporary file .

The third computation program accessed the various wave—related
time histories (radar , Tucker , and mean dynamic head) and per fo r med a
peak—troug h anal ysis on the middle 16—1 /2 minutes of each . (Because of
the previous l y described tapering both the radar and mean dynamic head
da ta are not valid for the first and last two minutes of samp le .) The
object of the peak- t roug h anal ysis was to produce double amplitude
statistics . The zero crossing convention was used ; that is , a crest was
defined as the larges t irstantaneous value in an excursion above the
samp le mean, a t roug h was the smalles t instantaneous value in an excur-
sion below the sample mean . The double amp litude is the difference in
elevation between crest and succeeding t roug h . I n this approach small
fl uctuations are more or less i gnored if they are ridin g on top of large
ones . The results res emble the double amp litudes which would be estimated
by ha nd f rom an osc i l l o g rap h record except that the hand ana l ys t wo u ld
p r o b a b l y visuall y fair throug h superimposed noise whereas the computer
does no t . The effect is that i hi l e the computer gets about the same
n umber of doubl e amp litudes as the human ana l yst , the computer ’ s answers
tend to be h i gher  i f  the records are noisy. F rom the double aniol itudes
fo und the average of 1/3 and 1/10 hi ghest were computed , and the position
i n  the s a m p l e  of the l arges t d o u b l e  amp litude was noted . All res ults ,
i nc 1~id ing the actual double amp l itudes were written in a temporary file .
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The fourth computation program accessed the ori g inal data and
performed spectrum anal yses upon the midship vertica l bend i ng stres s and
r o l l . I t then accessed all prev i ousl y written temporary files and pro-
duced a new file containing all of the results for the interval . These
resul ts included log—book data, results of the firs t anal y s i s  of raw da ta
(Ref .5) , f ive spectra along with all anal ysis parameters , all results
from the peak—troug h anal ysis , and the two new time histories , the rada r
wav e a nd the mea n d ynamic head . These files were meant to be stored on
m ag neti c tape for  p o s s i b l e  f utu re r e fe re nce.

The fi nal presentation of results for each interval is contained
on two charts . Samp le charts for the example interval used throu ghout
th i s  repor t are  i n c l u d ed as F i gures 18 and 19. The first of the two
charts contains the scalar spectra and a tabulation of results . The
second chart i nvolves samp le time histories . Both are identified at the
bottom with the DL run number , the voyage number , the analog tape and
in terval numbers , and the index number assi g ned b y Teled yne.

Referring to Fi gure 18, the tabulation at the left is intended as
a summary of the mos t si gnifica nt numbers pe rtaining to the interval .
At the top is as much of the ori g inal loq-book data as it seemed reason-
a b l e  to sq ueeze i n . This i ncludes date, time , position , and shi p speed ,
as we l l  as the v i s ual es t ima tes of wave a nd swe l l  he i ghts and directions .
Directions are counted from the bow to port or starboard in degrees . The
‘‘ sea s t a te’’ is  appare nt l y the Beaufort wind . The fina l line in the first
section of the tabulation includ es comments on visual weather and , af t er
the slash , any other comment appearin g in the log .

The second box in the tabulation i nvolves midsh ip lo n g itud i nal
stres s results. Onl y two of the many numbers which are available could
be i n c l uded as i nd ices . The first is the maximum peak to troug h stress
excursion as obtained in Reference 2. The second ind ex is the si gnifi -
cant stres s (4 times rms) as derived from the area of the stress spectrum
obtained in the pres ent reduction .

The third box in the tabulation is a summary of motions . Again
the ‘‘ s i gnificant ” motions (4 rms) are ind i cated . The value for roll was
d e r i v ed f ro m sp ec tr um area , that for pitch and accelerations from the rms
of the basic data . (Unless there are si gnificant linear trend s in the
d at a the d i f f e r e nces a re s l i ght between ‘‘ raw’’ and “spectrum ’’ rms .) The
last three items in the list involve various stages ft the radar data
reduction . The first is the slant range as recorded . The “ver ti cal
range ’’ is R (t) of the radar anal ys is . This entry is essentiall y the

vertical component of the range relative to the p osition of the accel-
erometer package . The number was derived from the spectrum . The last
entry is the si gnif icant displacement at the radar (si gn ifican t doubly
i ntegrated acceleration) . It too was derived from spectrum anal yses .

In a sense, the table at the bottom of the tabulation contains the
fina l numerical answers . Items in the first column pertain to the uncor-
rec ted Tucker  M et er s i gnal . The second column pertains to the mean d ynam i c
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head developed in conjunction wi th the ana l ysis of the Tucke r meter , and
the third col umn pertains to wave elevations der ved from the radar system.
The f irst row in the table is the number of double amplitudes found in
the middle 16—1/ 2 minutes of the sample . Below this are noted the max i-
mum hei ght found and the averages of the 1/10 and 1/3 hi ghes t d o u b l e
amp litude s . The final l ine in the table is the si gnificant (1+ rms) hei ght
derived from the spectral anal yses . Ord in a r i l y  it is expected that the
la st two lines of the table w i l l  be about the same.

At the ri ght of Fi gure 18 are plo ts of the five computed spectra .
I t was decided to standardize the frequency scale from 0 to 2 rad/sec .
In the great majority of intervals everything of interest is contained in
t h i s  ra nge . I n some intervals one spectrum or a:iother is non—neg l i g i b l e
beyond 2 rad/sec but nothin g much has been seen beyond 2.5 rad/sec for
any of the quantities anal yzed except in the stres s spectrum where some-
thing nay often be noticed around the frequency of the first mode of
vertical vibration . The f o l d i ng f req uenc y of the a nal yses s above
20 rad/sec ; no alias i ng is expected , Reference 5.

The s t r e s s  and ro l l  spec t ra  are p lo t ted together . T he ve rt i c a l
scale is for the stress spectrum . The ro ll spectrum has been multi pl i ed
by I-e fa tor rs t ed in the legend before p lotting. Dimensions of the
stres s spectral density are (kp s i 2 /rad/sec) and those of the roll spectral
density are (deq ’rad/sec) .

Al l  three wave related spectra (Tucker, mea n d ynamic head , and
radar) are plotted together to the same scale . The d i mens io n of t he wave
spectral density is (feet~ /rad/sec). In the wave spectrum plot t0 ere is
a ve r t i ca l  ( s l i q h t l y j ogg led) dashed l ine.  Th is  line marks the position
of the low frequency cutoff , a~j~ d i s cussed p rev i ous l y in conjunction with
double integration of the vertical accelerations . It is correc t to inter-
pret the position of this line as meaning that the double integration has
been done correctly for hi gher frequenc i es , and i ncorrectl y fo r  l owe r
f req uenc ies .

There are several details about the spectrum anal yses which are
not documented in the plots because they are constant throug hout the data
reduction . First , the normalization of the spectra is such that the
spectrum area equals variance . A l l  spectra are derived from a Fast
Fourier ~r ansfi ’rr-~ an al ysis of an 8192 point samp le. The fundamental
result iS 14096 spectral estimates of 2 degrees of freedom each . These
estimates are uniform l y spaced in frequency at a delta -frequency of
0.00511 rad/sec . In order to improve statistical re l i a b i l i t y  the basic
spectra l  est i natec were averaged in blocks of 20 est imates at in terva ls
of 10 estimates . The resultin g averages are thus equi—space d on the
fr equency scale at intervals of tiui = 0.0511 rad/sec . This also means
that adjacent spectral estimates as shown in the p lo t are not quite inde—
dendent -- to about the same degree as spectral estimates from the older
autocorrelat ion methods are not independent.
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As a result of the avera ging, each spectral estimate has 40 degrees
r f freedom assoc ia ted  w i t h  it . Accord i ng ly, the 90r ’ conf idence bounds on

spectra shown in the charts may be formed by multi pl y ing the values
give n by 0.72 and 1 .51 . Had the proces s sampled continued indefinitel y
a nd a l~~r to number of 20.5 minute samp les been obtained and anal yzed ,
nine of ten of these new estimates of spectral density would be
expected to l i e  w i t h i n  the bounds so constructed . The practical imp li ca-
tion is simpl y that the influence of samp ling v a r i a b i l i t y  upon the g iven
numerical results is roug hl y the same as that associated with the result
of most other full scale wave measurement exercises .

The last detail of the spectrum anal ys is is the ‘total degrees of
f reedom’’ Reference 10 . This number is included in parentheses at the end
of each li ne of legend because i t  depends upon the shape of each ind i-
vidual spectrum . It is an est imate of the proper number of degrees of
f reedom to use i n cons t ruc ti ng con f i de n ce bou nds on the sa mp le variance.
If each of the numbers in the present 8192 point time histories had been
p icked random ly the ‘‘ to ta l degrees of freedom ’’ wou ld be 8191 . This is
not the case —— adjacent members of all the present time series are hi g h l y
correlated so that the equivalent ‘‘ random ’’ samp le s ize is much smaller .
In the present data set the ‘‘ total degrees of freedom ’’ (TDF) is expected
to vary between 60 and 600. Appr oximate 90i confidence bounds on the
v a r i a nc es assu min g a Nor ma l z ero mea n process , may be constructed by
multi p l y ing the estimate by two factors derived from the percenta ge points
of the Chi—square distribution . Examples of the values of these factors
a re g i ve n a s f o l l o w s :

TOE Factor for Factor for
Lower Bound High Bound

60 .72 1 .32

120 .80 1 .27

200 .84 1 .17

1400 .89 1. 12

600 .91 1 .10

These are factors for the variances . The square root app lies to the rms
values so that very roug h l y the 90/ confidence bounds on rms range from
the sa m p le rms 15/ for TDF = (-0 to the samp l e rms ± 5/ for IDE = 600.
1I- e pract ical imp lications of thes e results are quite s i m i l a r  to those
nentioned in connection with the confidence bounds on the spectra . Ther e
is onl y so much “precision ” obtainable f rom one 20 minute sani n le of wave
elevation —— that which was attained in the present work appears compar-
able to that achieved in the past in similar stud i es . With respect to
comparisons between wave meters or between data ar’d predictions of rms
s h i p responses there can be l i t t l e  just fication to a concern about
differences of 5 to 157 magnitude .

F igure 19, the sample time histories , need s l i t t l e  explanation ,
except perhaps to say that the duration of the samp le shown (8-1/2 minutes )
was a comprom ise between a des i re to disp la y as much of the 16- 1 /2 min utes
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of der ived wave time histories as was possible in one page ; and the des i re
to spread the time scale out so that individua l flu ctuations were visible
for i n t erv a l s  i n v o l v i ng hi gh s h i p speed i n head seas . To produce the
charts an 8—1 /2 minute portion of the available 16-1/2 minutes of sample
was chosen such that the larges t radar wave double amp litude is shown --
as well as (if poss ible ) the larges t mean d yn am i c  he ad d o u b l e  a m p l i tude .

It may be fa ir l y  as ked wh y the e f f o r t i n producinq p lo t ted  t ime
h istories for each interva l was considered worthwhile . The answer to the
question is fairl y simp le. While the present data in its ori g inal analog
for m ha s bee n scann ed sys t ema t i c a l l y by eye (Refs . 2,3,5), the process
i nvolved o s c i l l o g rap h records with a time scale of about 15 minutes to
the inch. A t this time compression onl y a gross idea of what was happen-
i ng ca n be f orm ed , no detail ed assessment of the be l i e v a b i l i t y  of the
data can be made , and , mos t i mpo rtan t l y, the odd m a l f un c ti on w h i c h  i s
enough to upset the spectrum estimates or the statistics may often go
unnoticed . This last is considered most important i c  the radar data .
It was pointed out earlier and in Reference 5 that an atlempt was made to
weed out i ntervals where the radar had eviden tl y lost s i gnal and re-
established a new reference ranqe. In this process onl y the most obvious
instances could be identified ; no guarantees could be made that all
instances of moderate or small ma gnitude had been eliminated .
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So that rIure precise cor rL- la t ions hetwe( n full scal e cC - r vJt ions
and anal ytical and n,odcl rc H ul ts could be carried out , one of the obj ec-
tives o l the ins t rumen t a t ion program for the SL-7 class cnnt ainer shi ps
i.js the provision of i n s t r u m e n t a l  measures of the wave e,~vir , - n mcn~~
To this end , two wave meter systel n were installed on t h e  S.S. SEA—LAND
f-CLEAN. Raw data was collected from both sy s t t - m s  durin g the second
(1973—19714) and third (19714—1975) winter data col lec t~nq seasons . — ~~~ ‘. .
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It was the purpose of the pres en t c;nrk to reduce this raw data ,
to develop and imp lement such cor rec t ions as we re  found necessary and
feasible , and to corre late and evaluate the 1i,,a l result s from the two
weve meters . In carr ,-ing out this work it was necessary to at least
partl y reduce several other channels of rec orde d data , so that , as a
by—produc t , redu ced results were also obtained for midshi p be i din g
stresses , r o l l , p itch , and two components of acceleration on the shi p ’s
brid ge .,.

As the work progressed i t became evident that the volume of docu-
mentation required would grow beyond the usua l d i iII , -nsions of a sin g le
tech nical report. For this reason the analy ses , th e methods , the
detailed results , discussions , and conclusions are contained in a s e r Ies
of ten related reports .

This repor t documents some background ar iil yses , as well as those
which were necessary to develop the neL-dci CO I l ~ - t i ons  to the  raw d g i—
tized data . Imp l ementation of the results of (lie variou s jn~~l y~ es in
a second data reductio n stage is discussed .
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